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The nucleotide sequence of the 5’ nontranslated region of encephalomyocarditis virus (EMCV-Rueckert) was
determined, and a consensus RNA structural model for this sequence (850 bases) and three other poly(C)-
containing cardioviruses (mengovirus, EMCV-B, and EMCV-D) was created through reiterative use of a
minimum-free-energy folding algorithm. The RNA elements within this region which contribute to translation
of EMCV proteins were mapped in cell-free reactions programmed with cDNA-derived RNA transcripts. The
data provide evidence that stem-loop motifs I, J and K, formed by viral bases 451 to 785, are important
components of cap-independent translation. In contrast to other reports, a minimal role for stem-loop H (bases
406 to 444) in translational activity is indicated. Small 5’ nontranslated region fragments (bases 667 to 797)
containing the J and K motifs proved strong competitive inhibitors when added to cell-free reactions
programmed with exogenous capped or uncapped mRNAs. The putative sequestering of required translational
factors by this segment clearly contributes to translational activity, but also suggests a possible competitive
mechanism for the down regulation of host protein synthesis during viral infection.

Unlike most eucaryotic mRNAs, the positive-strand ge-
nomes of picornaviruses are uncapped and have very long 5’
nontranslated regions (600 to 1,300 bases), which contain
extensive secondary structure and multiple noninitiating
AUG triplets (9, 36). These uncommon features, combined
with the knowledge that poliovirus infection leads to inhibi-
tion of cap-dependent translation of normal cellular mRNAs,
have long warranted suspicion about alternate translational
mechanisms (9, 36). Our recent reports and those of others
have indeed confirmed that 5’ non-translated regions (5'
NTRs) of poliovirus, encephalomyocarditis virus (EMCV)
and foot-and-mouth disease virus promote cap-independent
translation initiation, whereby ribosome binding occurs via
internal entry onto the 5' NTR without scanning from the 5’
terminus. Internal entry, relative to the 5’ terminus, has been
clearly demonstrated with monocistronic and dicistronic
cDNA-derived transcript RNAs (5, 10-12, 15, 16, 30), as
well as with virion RNA (36). The binding site has been
variously described as a ribosomal landing pad, translational
enhancer, or internal ribosome entry site.

During poliovirus infection, cap-independent translation
occurs in conjunction with viral 2A protease-induced degra-
dation of cellular protein p220, a component of the eucary-
otic initiation factor 4F (eIF-4F) cap-binding complex. The
synergistic processes presumably promote viral translation
while down regulating that of the host (18). Foot-and-mouth
disease virus infection also induces degradation of p220,
although a different viral protease (L rather than 2A) may be
responsible (3). With EMCYV, the translational shift from
host to viral mRNA is likewise very proficient, but seems to
result from a highly effective competition for cellular trans-
lational components rather than selective degradation of
p220 (17, 21, 39).

The translational efficiency of EMCV RNA is especially
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apparent in cell-free extracts, in which 8 to 10 copies of viral
polyprotein are typically obtained from each template (37).
We have shown that the active nature of these templates is
not unique to expression of viral coding sequences, but is a
property that can be qualitatively transferred to nearly any
eucaryotic cistron through ligation with viral fragments
containing the internal ribosome entry site element (12, 27).
The method has been widely used to obtain high-level
protein expression in a variety of eucaryotic cells (5, 41).
The transferred EMCV element usually includes bases 335
to 837 (translation begins at base 834) (5, 12), although
deletion analyses with dicistronic chimeric mRNAs suggest
that bases 403 to 811 may provide the core fragment for
efficient translation (6, 14).

In this report, EMCV enhancer sequences are further
defined through nested monocistronic RNA transcripts de-
rived from ¢cDNA clones and expressed in reticulocyte
lysates. Linker insertion and deletion mapping show that
translational functionality is achieved apparently through
concerted contributions of several structures and sequences
within the required region. Moreover, the potent inhibitory
effects of one particular stem-loop element (the J-K domain,
bases 680 to 785) on exogenously translating capped mRNAs
suggest further biological involvement in putative host-
protein shutoff mechanisms during natural viral infection.

MATERIALS AND METHODS

Sequence determination. EMCV Rueckert strain
(EMCV-R) was passaged in HeLa cells, and VRNA was
purified as described previously (33). Comprehensive se-
quence data for the 5’ noncoding region of EMCV-R were
generated by three separate techniques: (i) primer extension
dideoxynucleotide reactions with reverse transcriptase, us-
ing EMCV vRNA templates and 5'-labeled (3?P or 3°S)
oligonucleotide primers; (ii) Maxam-Gilbert determinations
of cDNASs synthesized from EMCV vRNA [poly(C) region];
and (iii) primer extension dideoxynucleotide reactions with
Klenow polymerase, using EMCV cDNA-containing plas-
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mids as templates (20, 25, 38). All nucleotides were con-
firmed by multiple determinations.

A consensus RNA secondary structure for the 5’ noncod-
ing regions of poly(C)-containing cardioviruses was created
through reiterative use of the folding algorithm of Zuker and
Stiegler (42), modified to accept large (e.g., >2,500 nucleo-
tides) data fields. The minimum-free-energy structures for
the 5’-most 2,500 nucleotides from EMCV-R, mengovirus-M
(24), EMCV-D, and EMCV-B (1, 2), were calculated sepa-
rately and then compared. The folding energies were those
defined by Freier et al. (7) and averaged to about —1,180
kcal/mol (ca. —4,937 kJ/mol) for each sequence. Elements
common to all determinations were retained, and intervening
segments were refolded until a consensus structure maximiz-
ing total paired nucleotides in analogous configurations for
all strains was achieved. The model was adjusted until the
calculated minimum free energy did not differ by more than
5% from any of the optimum individual sequence solutions.

Construction of cDNA. Standard DNA cloning reactions
(34) were used, and Escherichia coli JM101 was the bacterial
host for propagation of recombinant DNA. The transcription
vector Bluescribe M13+ was purchased from Stratagene.
Plasmid pEA1, a subclone of pE13 (4), contained EMCV
bases 335 to 4229 inserted between the EcoRI and BamHI
sites of Bluescribe M13+. This construction is very similar
to plasmid pE5SA1 (28), except for the choice of vector
sequences. The pBalAl plasmids (numbered 1 to 14) were
derived from pEA1 and contained a nested series of sequen-
tial deletions (from progressive Bal 31 reactions) within the
5’ noncoding segments of the viral cDNA. Insertion muta-
tions containing EcoRI restriction sites were made at natu-
rally occurring Maell restriction sites in the viral 5’ noncod-
ing region of plasmid pEA1. The sequence at the insertion is
ACGCGCGCGGAATTCGT (inserted sequences are under-
lined). Additional 4-base insertions were created by filling in
Avrll and HindlII restriction sites within the viral 5’ non-
coding region of pEA1 with Klenow fragment. An insertion-
deletion plasmid was made by joining (with EcoRI linkers)
sequences cleaved at Kpnl (base 701) and Maell (base 776).
The construction of all plasmids was confirmed by nucleo-
tide sequencing.

Transcription of plasmid ¢cDNA. Plasmid DNAs were lin-
earized by digestion with BamHI and used as templates in T7
polymerase runoff transcription reactions containing
[a-3?P]CTP (13 mCi/mmol). Reactions were terminated by
addition of EDTA (to 10 mM), and the samples were
extracted with phenol-chloroform, precipitated with ethanol,
and then resuspended in water. Reaction efficiency was
monitored by scintillation counting after absorption of sam-
ples to Whatman DES] filters. To determine the transcript
size and purity, sample aliquots were denatured by incuba-
tion at 50°C for 1 h in the presence of 1 M deionized glyoxal
and 10 mM Na,HPO, (pH 6.5) and then loaded onto 1%
agarose gels. After electrophoresis (1 V/cm for 11 h), dried
gels were scanned for radioactivity with an Ambis radiation
detector. The radioactivity in full-length transcript bands
relative to that from the total sample was used to estimate
the percentage of full-length RNA synthesized in the reac-
tion.

In vitro protein synthesis. Cell-free translation reactions in
reticulocyte extracts were performed as described previ-
ously (29). Typically, vVRNA (1 to 3 pg) or transcript RNA (1
to 3 ng) was used to direct protein synthesis in reactions (15
to 30 pul) radiolabeled with [**SImethionine (1 nCi/pl). After
60 to 90 min of incubation at 30°C, reactions were stopped by
the addition of cycloheximide and pancreatic RNase (to 0.3

EMCV TRANSLATION 1603

1 UUGARAGCCGGGGGUGGGAGAUCCGGAUUGCCAGUCUGCUCGAUAUCGCAGGCUGGGUCC 60
61 GUGACUACCCACUCCCCCUUUCAACGUGAAGGCUACGAUAGUGCCAGGGCGGGUACUGCE 120
121 GUAAGUGCCACCCCAAAAUAACAACAGACCCCCCCCCCCCCCCCCCCCCECCeeeeeeet 180

181 CCCCCCCCCECCCCCCCCCECCCCCCCCCECCCCCCCCCCCCCCCCCCCCCCCCCeceet 240
241 CCCCCCCCCCCCCCCCCCCCCCCUCUCCCUCCCCCCCCCCUAACGUUACUGGCCGAAGEE 300
301 GCUUGGARUAAGGCCGGUGUGCGUUUGUCUAUAUGUUAUUUUCCACCAUAUUGCCGUCUTG 360
361 UUGGCAAUGUGAGGGCCCGGAAACCUGGCCCUGUCUUCUUGACGAGCAUUCCUAGGGGUC 420
421  UUUCCCCUCUCGCCAAAGGAAUGCAAGGUCUGUUGAAUGUCGUGAAGGAAGCAGUUCCUC 480
481 UGGAAGCUUCUUGAAGACAAACAACGUCUGUAGCGACCCUUUGCAGGCAGCGGAACCCCC 540
541 CACCUGGCGACAGGUGCCUCUGCGGCCAAAAGCCACGUGUAUAAGAUACACCUGCAAAGG 600
601 CGGCACAACCCCAGUGCCACGUUGUGAGUUGGAUAGUUGUGGAAAGAGUCARAUGGCUCU 660
661 CCUCAAGCGUAUUCAACAAGGGGCUGAAGGAUGCCCAGAAGGUACCCCAUUGUAUGGGATD 720
721 CUGAUCUGGGGCCUCGGUGCACAUGCUUUACAUGUGUUUAGUCGAGGUUAAAAAACGUCT 780

781 AGGCCCCCCGAACCACGGGGACGUGGUUUUCCUUUGAAAAACACGAUGAUARUAUGGCCA 840
M AT

841 CAACCAUGGAACAAGAGACUUGCGCGCACUCUCUCACUUUUGAGGAAUGCCCAAAAUGCU 900
T M EQ ETCATHTSTLTTFTETETCTPTEKTCS
901 CUGCUCUACAAUACCGUAAUGGAUUUUACCUGCUAAAGUAUGAUGAAGAAUGGUACCCAG 960
ALQ YRNTGTFTYTLTLZE KT Y DTETET®WTYPE
961 AGGAGUUAUUGACUGAUGGAGAGGAUGAUGUCUUUGAUCC 1000
ELLTDGTET DT DV F D
FIG. 1. Nucleotide sequence of the 5'-most 1,000 nucleotides of

EMCV-R. The polyprotein reading frame begins at base 834, and the
poly(C) tract contains 132 pyrimidines (C,;sUCUCCCUC,y).

mg/ml each). Samples (3 pl) were analyzed by sodium
dodecyl sulfate-polyacrylamide (Maizel) gel electrophoresis
(SDS-PAGE) (26), and labeled proteins were visualized by
autoradiography of the dried gel. Incorporation of [>*S]me-
thionine into acid-insoluble products was performed as de-
scribed previously (22).

Nucleotide sequence accession number. The GenBank/
EMBL accession number for this sequence (complete
EMCV-R genome) is M81861.

RESULTS

Sequence and structure model for EMCV-R. The nucleo-
tide sequence of the 5’-most 1,000 nucleotides of EMCV-R is
presented in Fig. 1. The data correct minor discrepancies in
the previous determination (23, 25) and complete the se-
quence for this strain. When poly(C) length differences are
discounted, the 5' NTR of EMCV-R shares 95.2% nucleotide
identity with those of EMCV-B and EMCV-D (1, 2) and
92.7% identity with the same region from mengovirus-M
(24).

A consensus RNA secondary structure for the 5’ ends of
four cardiovirus RNAs, highlighting strain differences, is
presented in Fig. 2. The model contains many elements
similar to those suggested from partial sequence alignments
(13, 31), but it also differs in three regards. First, these
dominant patterns were derived from minimum-free-energy
calculations which considered simultaneously all possible
pairing options for large segments of the genome (the 5’-most
2,500 nucleotides). Second, the poly(C) tracts and their
discontinuities were not excluded from consideration by the
algorithm, but were allowed to (potentially) participate in
base pairing, as long as these interactions could contribute to
the lowest-energy solutions. Third, calculations from the
final consensus model allowed a maximum deviation of only
5% from the optimum folding solution for each of the four
participating (2,500-base) sequences. This model is consis-
tent with most available data concerning enzyme-sensitive
sites, exposed loops, etc., for related isolates of EMCV (6,
13, 31, 40).

The structure suggests a linear series of 5’ noncoding
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FIG. 2. Consensus secondary structure for 5' NTRs of four related cardioviruses. The sequence shown is for EMCV-R. Changes in
mengovirus and other EMCV strains (EMCV-B and EMCV-D) are given parenthetically as capital and lowercase letters, respectively.
Stem-loop features are lettered consecutively, and AUG sequences (EMCV-R) are boxed.
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FIG. 3. RNA transcript integrity. T7 transcript samples from
pBalAl-1 to pBalAl-14 were prepared, denatured, fractionated by
electrophoresis, and detected as described in Materials and Meth-
ods.

stem-loop motifs (Fig. 2, letters A to N), within which at
least 65% of the nucleotides [exclusive of the poly(C) tract]
participate in base pairing. Surprisingly, the poly(C) region
did not make a major contribution to the most favorable
configuration of any sequence (5’-most 2,500 bases), even
when allowed to pair with distant regions. The pseudoknot
motifs in B and C differ from a published structure of this
region (40), but this arrangement is energetically very favor-
able and has been independently suggested by algorithms
sensitive to pseudoknot configurations (31a).

Among the considered viral strains, transitions (e.g.,
U—C or A—G) account for 60% of the sequence variation.
More than two-thirds of these exchanges occur in stems and
cause little (if any) perturbation of the common structure.
The model has 10 examples of double substitutions within
paired bases, although some of these compensating changes
are separated by more than 40 to 50 nucleotides within the
sequence (see stems A, F, H, I, and K). Transversions (e.g.,
U—A or G—C), insertions, and deletions are more common
to the unpaired regions (77%) and are typically at the tops of
stems or in bulge-loops between paired stems.

Translation of RNAs containing 5 NTR mutations. To
define important translational elements within the EMCV 5’
NTR, we constructed a series of cDNA plasmids containing
progressive 5'—3’ deletions. The constructions, designated
pBalA1l-1 to pBalAl-14, each included coding sequences for
the amino-terminal half of the polyprotein open reading
frame (1,131 codons). RNA transcripts from these cDNAs
were prepared in parallel and assayed by gel electrophoresis
(Fig. 3) to ensure minimum variation in the amount of
full-length material (ca. 70%). The transcripts were used to
program reticulocyte lysate reactions, taking care that each
sample received the same amount of RNA (2.6 pg), at a
concentration (86 ng/ml) previously determined to give
optimal, saturating protein synthesis.

The pEAl transcripts which began at viral base 335

EMCV TRANSLATION 1605

pEA1 (1131 codons)

A. —|LIIA| 18 l1c ‘ 1D

[ |=]
CPM Incorporated
per ul of lysate

AvG gy (x103)
VPG @ CCCCC e e~ 302 (100%)
335 DEAI — 253  (84%)
363 =— 251 (83%)
387 m—— 254 (84%)
406 ———l 230  (76%)
416 m— 95 (31%)
443 w— 64 (21%)
pBalA1 454 w— 82 (27%)
1-14 466 wm— 169 (56%)
485 w—— 76 (25%)

505 =———— 14 (5%)
513 e————— 18 (6%)
546 cm— 21 (7%)

620 =—— 23 (8%)
776 =l —— 45 (15%)
B- L 802 105 (35%)
400+
© . 300 VRNA
e
=
=
& 2001
3
3(;) 100 <—-8°2
AUG (base 834)
00 200 a0 600  sdo 1000

5' most viral nucleotide

FIG. 4. 5’ deletion mutations. (A) EMCV virion RNA (1 ug) or
T7 RNA transcripts (2.6 pg) as shown in Fig. 3 [pEA1 and pBalAl-1
to pBalA1-14] were used to program translation reactions (30 pl) in
rabbit reticulocyte extracts containing [>*S]methionine (1 pCi/pl).
After 90 min at 30°C, triplicate samples were removed (2 ul) and
quantitated for trichloroacetic acid-insoluble radioactivity. Aver-
aged results (standard deviation, <2%) are presented as counts per
minute incorporated per microliter of lysate and also as percent
incorporation relative to virion RNA. (B) Data from panel A
displayed graphically.

directed protein synthesis to about 84% of the level obtained
with virion RNA. However, this is probably not a substan-
tive difference in translational efficiency (6), since the trun-
cated coding regions of the transcripts contain only half as
many methionines (24 versus 51) as intact polyproteins. The
pEALl incorporation represents about three to five copies of
protein product from each transcript template (pEAl), a
significant activity considering the saturating concentrations
of RNA, and provides the true baseline for comparison with
other transcripts.

Engineered deletion of the next 52 viral bases (to base 387)
gave transcript activities similar to those of pEAl and
confirmed previous observations that stem-loops A to G do
not contribute significantly to EMCYV translational function-
ality (12, 36). Further truncations, however, which impinged
on structure H, showed significant decline in incorporation
(Fig. 4B). Computer-generated structural models suggest
that transcripts shortened within this region (i.e., beginning
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S' End Deletion up to EMCV base

EMCV

35 406
VRNA 3

28- | W
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FIG. 5. Protein produced in cell extracts is viral. Samples from
the translation extracts in Fig. 4 were processed with exogenous 3C
protease and analyzed by SDS-PAGE and autoradiography.

with bases 406 to 450) may assume stable pairing configura-
tions quite dissimilar to the consensus structure (not shown).
The predicted alterations would disrupt stem-loop I as well
as remaining H fragment, but it is also anticipated that
slightly larger deletions (i.e., to bases 451 to 500) might
restore most of the I configuration (see also reference 6).
Indeed, complete removal of the H domain (to base 466)
from the pBalAl-7 transcript partially reestablished transla-
tion in a reproducible manner. This level of incorporation
was always lower (e.g., 56 versus 84%) than that achieved
with pEAL, but clearly indicates that intact H sequences are
not an absolute requirement for translational activity. Tran-
scripts beginning with base 505, 513, 546, or 620 were poorly
translated in the reactions, although very short transcripts
with only 32 5 NTR bases had somewhat better activity.
These highly abbreviated RNAs (e.g., beginning with base
802) have been suggested to initiate synthesis in a 5'-end-
dependent manner unrelated to internal ribosome entry site
function (15).

The translation data presented in Fig. 4 were obtained
with optimal concentrations of added template RNA. How-
ever, the differential levels of incorporation were clearly
dependent on template sequence, not concentration, be-
cause similar results were also obtained under subsaturating
RNA transcript conditions (e.g., S0 pg/ml), as long as
compared samples contained similar molar equivalents of
template (multiple determinations not shown).

To confirm that protein synthesis by the transcript series
was uniformly initiating at the same AUG (base 834), we
processed selected product samples with exogenous, unla-
beled 3C protease and then analyzed them by SDS-PAGE
(Fig. 5). Although the patterns varied in intensity according
to incorporation, all lanes showed bands characteristic of
L-P1-2AB* sequences and there was no clear evidence for
significant levels of initiation at alternate AUG triplets. Even
the shortest transcripts, which are missing major portions of
the internal ribosome entry site, seemed to direct most
residual synthesis towards the correct, in-frame AUG and
hence reinforce findings that sequences and/or structures in
the immediate vicinity of this codon probably play strong
selective roles in synthesis initiation (15).

J. VIROL.

pEA1 (1131 codons)

|.|u| 18 I 1c | 10 le lza|
Relative 35S-Met
incorporation
(percent)
no mutation ""°| ‘,'“__’
335 —— 100
Avr lifill in
335 =213  I— 88
Hind Hl filLin
335 =tz — 90
E:;oﬂl III:ker
sert
335 ;6) — 85
EcoRl linker
ingertion
335 577 — 15
EcoRl linker
ingertio
335 ———-M:m 8
EcoRl linker
insertion/deletion
—

335 T — 24

FIG. 6. Local insertion and deletion mutations. Mutations were
created in pEA1 through restriction enzyme digest (Avrll at base
415; HindIII at base 488; Maell at bases 506, 577, and 777; or Kpnl
at base 701) followed by EcoRI linker insertion, filling in with
Klenow polymerase, or sequential digestion (with Kpnl and Maell)
and EcoRI linker insertion. T7 RNA transcripts synthesized from
these cDNAs (1.6 to 1.7 pg) were translated in reticulocyte lysates
(15 wl) as in Fig. 4, and protein synthesis was quantitated by
trichloroacetic acid-insoluble radioactivity. Presented values are
relative to unmutated pEA1 transcript incorporation (ca. 250,000
cpm/pl), which was set at 100%.

The deletion experiments placed the 5’ boundary for
minimum translational activity within the lower regions of
stem-loop I (roughly between bases 466 and 505). Local
perturbations affecting this region were examined with engi-
neered linker insertions or internal deletions (Fig. 6). Four-
base insertions at position 415 (stem H) or 488 (lower stem of
I) decreased translation of the downstream cistron by only
10 to 12%, consistent with the idea that an intact H element
and the lower portion of stem-loop I are not required for
translational functionality. Since deletions past base 485
gave virtually inactive templates (Fig. 4), it was surprising
that insertions creating an extended bulge loop at base 506
were quite effective templates; this suggests that sizable
alterations in the middle of stem I may also be tolerable, if
stem integrity is generally maintained. In contrast, insertion
at position 577, which disrupts the top of this stem (from
bases 527 to 591), strongly decreased translational activity.

The J-K domain also contributes to efficient translational
function. Deletions within this region (e.g., bases 701 to 776)
or insertional augmentation near the A-rich bulge loop at
base 777 significantly decreased protein synthesis (Fig. 6).
The detrimental effects occurred without alteration of (pre-
dicted) base pairs within adjacent stems (H, I, L, M, etc.)
and are consistent with data implicating this region as a
required translational element and possible protein-binding
site (35).

Translation competition assays. Cardiovirus RNAs have
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Relative Incorporation
(percent) of 35S-Met in
Presence of Competing RNA

Competing RNA Template RNA

Fragment FHVRANA Bglobin  PEAT
(capped)  (capped) (EMCV)

(none)
100 100 100

AUG

335 m——— G4 8 36 12 42
620 ——848 37 13 42
667 =797 nd 44 52
335 619 88 95 114
335 w775 gl 72 125
335 ——p 848 13 <5 20

EcoRt inker
335&777 848 68 62 105

FIG. 7. Translation competition assays. T7-derived RNA tran-
scripts containing the indicated EMCV 5’ NTR sequences were
added to reticulocyte reactions (15 pl) in a four- to sixfold molar
excess (or a two- to threefold molar excess with B-globin reactions)
over the template RNA. The template RNAs were: flock house virus
(FHV) RNA (1.2 pg), cellular B-globin mRNA (0.8 pg), and pEAl
T7 transcripts (1.8 ng). Synthesized protein was quantitated by
trichloroacetic acid-insoluble radioactivity after 60 min of incuba-
tion at 30°C. The results (average of duplicate samples) represent
incorporation (percent) relative to samples with no added competi-
tor RNA (typically, for FHV 300,000 cpm/pl = 100%, for B-globin
125,000 cpm/pl = 100%, and for pEA1 250,000 cpm/pl = 100%). The
results are reproducible to a standard deviation of 10%. nd, not
done.

been demonstrated to be efficient competitors of other
eucaryotic mRNAs in cell-free synthesis reactions (32).
Regions within the EMCV 5’ NTR that might sequester
proteins were investigated in translation competition assays.
RNA transcripts containing bases 335 to 848 or subfragments
thereof were added to reticulocyte extracts containing trans-
lation-competent mRNAs from flock house virus, rabbit
B-globin, or intact pEA1 (Fig. 7). Except for 14 bases, coding
sequences were omitted from the tested fragments to reduce
interference from synthesized viral protein and to focus the
assays on initial translation events rather than elongation.
Since the molar ratios of the competing segments were
deliberately kept low (molar ratio of 2 to 6), depression of
protein synthesis to 50% of the level achieved in the absence
of fragment was indicative of strong competition.

The assays revealed that intact S’ NTRs (bases 335 to 848)
and all smaller segments containing bases 667 to 797 were
reasonably effective competitors. The common sequence
within these fragments centers on the J-K region. Computer
predictions suggest that these stems are conserved in all
inhibitory RNAs and make it likely that J-K-specific seques-
tering of required translational components (35) is responsi-
ble for this effect. Both capped (flock house virus and
B-globin) and uncapped (pEA1) templates were sensitive to
competition, although B-globin RNA was much less refrac-
tory than pEAl and could typically be inhibited by lower
molar ratios of fragment. With all templates, inhibition was

EMCV TRANSLATION 1607

less pronounced with the fragment from bases 335 to 775 or
when the competitor included a 13-base insertion at base 777
(within J-K). The fragment from bases 335 to 619 had almost
no inhibitory effect, which makes it unlikely that the ob-
served results were a nonspecific consequence of added
RNA. The relative inhibitory activity of the tested fragments
was also evident at higher and lower molar excess of
competitor RNAs (e.g., molar ratios of 1, 2.5, and 10) and
confirm a dependence on sequence, rather than concentra-
tion (all data not shown).

DISCUSSION

Translation is initiated on picornavirus RNA by cap-
independent, internal entry of ribosomes onto the 5’ NTR.
Previous analyses of EMCV bases involved in efficient
translation were carried out predominantly with dicistronic
mRNAs (14). We have further defined the required RNA
sequences by deletion and insertion analysis with monocis-
tronic mRNAs. Although our results generally agree with
those of Jang and Wimmer (14), they do call into question the
role of stem-loop H. These authors suggested that integrity
of H correlates with translational efficiency of the down-
stream cistron in dicistronic mMRNAs and also with the ability
of a 57-kDa cellular protein to bind to this specific structure.
However, their tested deletions within this region were less
comprehensive than our pEAlBal series, and we have
created at least one transcript in which this entire domain is
cleanly removed (deletion to base 466) and yet the RNA still
translates with reasonable efficiency (70% of that of pEA1).

We can only speculate about the reasons for these exper-
imental discrepancies. However, it might be considered that
monocistronic and dicistronic contexts could place entirely
different constraints on the ability of the 5’ NTR to initiate
translation. Indeed, Jang et al. showed previously (12) that
some EMCYV deletion mutants are more effective in mono-
cistronic than dicistronic contexts. Moreover, it is possible
that engineered constructions which only partially remove a
local RNA motif have unanticipated configuration effects on
adjacent structural elements. Thus, certain transcripts, ei-
ther monocistronic or dicistronic, could potentially exhibit
altered activities independent of the deleted sequences.
Computer-aided RNA folding supports this idea and sug-
gests that the deletions within stem-loop H (to positions 421
and 425) performed by Jang and Wimmer (14) might have
disturbed the natural folding of adjacent stem I, in a manner
analogous to our pEA1Bal constructions which begin at base
406, 416, or 443. Insertions specific to stem-loop H (linker
insertion at base 415) or removal of H without disruption of
I (deletion of base 466) allowed us to independently assess
these motifs and to map the 5’'-most required translational
element to the lower regions of stem I rather than stem-loop
H.

Our data are in agreement with those of Shih et al. (36),
who found that cDNA fragments hybridizing to nucleotides
420 to 449 caused only a slight translational inhibition of
EMCYV vRNA, whereas cDNAs hybridizing between nucle-
otides 450 and 834 caused a high degree of inhibition.
Correlative results were also obtained with the related
foot-and-mouth disease virus, in which the RNA region
controlling translation appears to maintain the same basic
structural pattern as that of EMCYV (31). The foot-and-mouth
disease virus analog of EMCYV stem H was mutated such that
the 57-kDa protein bound very weakly, yet translation was
decreased only 50% when compared with that of unmutated
transcript RNA (16, 18a, 19). This lends support to our
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conclusion that the integrity of stem H does not seem crucial
for proper translational function.

We suggest instead that the J-K element and the ever-
present stem-loop I play more critical roles in translation
initiation. Independent of other 5’ NTR regions, the J-K
sequences (bases 667 to 797) were remarkably active in
competitive inhibition assays. It is notable that linker inser-
tions in stems I and J-K (at bases 577 and 777, respectively)
both destroyed translational activity but showed quite dis-
tinct effects when used as inhibitors in the competition
assays. The insertion at base 577 (stem I) was an active
competitor, whereas the insertion at base 777 (stem J-K) had
lost inhibitory activity. The terminal loop of stem K (CU-
UUA, bases 746 to 750) was recently reported as an efficient
binding site for eucaryotic initiation factor eIF-2/2B (35), a
protein complex presumed to function in initiator AUG
recognition (8). Consistent with our data, a strong competi-
tive J-K sequence-dependent sequestering of these required
translational elements may explain the overall efficiency of
EMCYV fragments at directing protein synthesis. Moreover,
such interactions could provide a plausible mechanism by
which EMCV vRNA may outcompete host mRNAs for
ribosomes or initiation factors (eIF-2/2B?) and effect shutoff
of cellular protein synthesis during infection. We are cur-
rently examining the role of purified eIF-2 and eIF-2B on
translational activity and specifically on J-K-dependent inhi-
bition of exogenous mRNA translation.
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